Dimethylation of histone H3 Arg2 (H3R2me2) maintains transcriptional silencing by inhibiting Set1 mediated trimethylation of H3K4. Here we demonstrate that Arg2 is also monomethylated (H3R2me1) in yeast but that its functional characteristics are distinct from H3R2me2: (i) H3R2me1 does not inhibit histone H3 Lys4 (H3K4) methylation; (ii) it is present throughout the coding region of genes; and (iii) it correlates with active transcription. Collectively, these results indicate that different H3R2 methylation states have defined roles in gene expression.
MLL1 (refs. 9-11) . Overall, these studies described a function for dimethylarginines in transcriptional regulation. However, the role of monomethylarginine still remains unexplored, even though this modification is detected in vivo on mammalian histones 6 .
Using an antibody against the monomethylated form of H3R2, we show that this modification (H3R2me1) occurs on yeast histone H3 ( Supplementary Fig. 1a online) . The antibody recognizes only Arg2 on histone H3, as mutation of arginine to alanine (H3R2A) or glutamine (H3R2Q) abolishes the signal ( Supplementary Fig. 1b) . Furthermore, we demonstrate the specificity of this antibody toward the monomethylated version of H3R2 by dot blot and peptidecompetition analyses ( Supplementary Fig. 1c,d ).
To determine whether H3R2me1 functions in a similar manner to H3R2me2a, we first examined the effect of this methyl H3R2 state on the recruitment of Spp1 to H3K4 in vitro and in vivo. In pull-down assays, H3R2me1 did not block the interaction of the Spp1 PHD finger with dimethylated H3K4 peptides (Fig. 1a, lane 4) . Consistently, chromatin immunoprecipitation (ChIP) assays showed that in vivo Spp1 occupancy on the 5¢ end of genes can coincide with H3R2me1 enrichment but not with the presence of H3R2me2a (Fig. 1b) . We next sought to determine the effect of H3R2me1 on the ability of Set1 to trimethylate H3K4. In agreement with the above results, the purified Set1 complex was able to methylate an H3R2me1 peptide almost as well as an unmodified peptide (Fig. 1c) . The Set1 activity was shown to be specific, because an H3K4me3 peptide was not methylated, and the presence of H3R2me2a reduced this activity (Fig. 1c, lanes 3 and 4) . These results show that H3R2me1 does not abrogate H3K4 trimethylation (unlike H3R2me2a) and suggest that H3R2 monomethylation has a distinct function from asymmetric dimethylation.
Having determined that H3R2me1 has functional characteristics distinct from H3R2me2a, we attempted to determine the role of H3R2me1 in transcription. We used a high-resolution, genome-wide ChIP-chip (ChIP combined with microarray) analysis to determine the location of H3R2me1 occupancy and its relationship to gene expression (Supplementary Methods online). We found that H3R2me1 was localized mainly within transcriptional units and was present in 85% of yeast genes ( Supplementary Fig. 2 online) . To determine the relationship of H3R2me1 to gene expression, we first divided 5,065 genes into five groups according to their transcriptional rate, as previously determined 12 , and then examined the average enrichment of H3R2me1 for each gene group (Fig. 2a) . Average gene profiles of H3R2me1 indicated that this modification is present evenly throughout the entire coding region of transcriptionally active genes. The enrichment of H3R2me1 correlated with levels of transcriptional activity, because the most active genes were the most enriched in this modification (Fig. 2a, left) . In contrast, analysis of previously reported data of H3R2me2a showed that this mark is present on the 3¢ end of genes and correlates with transcriptional repression 8 (Fig. 2a, right) . Additionally, H3R2me2a covers inactive genes entirely (Fig. 2b, left) .
We next divided all genes into three differentially expressed categories (inactive, moderately active and active) to investigate the relationship of H3R2me1 with other histone methyl marks. H3R2me1 overlaps to some extend with the active lysine methyl marks H3K4me3, H3K36me3 and H3K79me3 on representative moderately transcribed (YAL023C) and active (YLR390W) genes (Fig. 2b) . Unlike H3R2me2a, the monomethylated form of this residue overlaps with H3K4me3 at the 5¢end of moderately active genes (Fig. 2b, middle) . Thus, taken together, these results indicate that H3R2me1 coincides with all other active modifications on yeast genes, and its correlation to transcription is opposite to that of H3R2me2a.
The above analyses suggested that H3R2me1 and H3R2me2a might have opposite roles in transcription. Therefore, we next asked whether H3R2me1 and H3R2me2a are dynamically exchanged on nucleosomes upon induction of gene expression. To test this, we used the sporulation pathway as a model system of inducible gene activity. ChIP analysis of cells grown in rich media (repressed condition) showed high enrichment of H3R2me2a at sporulation genes (Hop1 and Spr3), as expected, whereas H3R2me1 was not detected at all on the same nucleosomes (Fig. 3a, time 0 h ). Most notably, shifting the cells in sporulation media, which induced activation of these genes (Fig. 3a, left) , completely reversed the levels of the two modifications at those same nucleosomes. H3R2me1 was robustly enriched, but there were no traces of H3R2me2a (Fig. 3a,  time 18 h ). These results confirm that the monomethylated state of H3R2 is associated with transcriptional activation.
As methylation at H3R2 was associated with sporulation genes, we next sought to determine whether H3R2 is necessary for sporulation in yeast. We grew cells that expressed either wild-type histone H3 (H3WT) or the mutant H3R2A in sporulation media for 7 d and then, using microscopy, we counted the number of cells that had undergone meiosis I or meiosis II. Mutation of H3R2 to alanine resulted in a severe defect of sporulation, as only 1% of cells managed to undergo meiotic nuclear divisions, as opposed to 20% of H3WT cells (Fig. 3b) . This result is consistent with the dynamic regulation of H3R2 methylation on sporulation genes and suggests that H3R2 has an important role in the early stages of the sporulation process in yeast. In summary, this report unveils for the first time a role for a monomethylarginine state in transcription. The results presented here provide evidence that H3R2me1 is a methylation state that occurs in vivo on yeast nucleosomes. The presence of H3R2me1 correlates with transcriptional activity, opposite to the relationship of H3R2me2a with gene expression. Although both H3R2 methylation states are enriched within the coding region of genes, their distribution is also different: monomethylation is enriched throughout the coding region of active genes, whereas dimethylation is enriched throughout inactive genes and toward the 3¢ end of active genes. The distinct distribution patterns of mono-and dimethylation marks are a strong indicator that these two modifications are associated with different functions.
The functional difference between these H3R2 methylation states is probably conserved in higher eukaryotes. Recent findings show that PRMT6, the predominant H3R2 methyltransferase, catalyzes preferentially asymmetric dimethylation, implying the existence of a distinct enzyme that carries out monomethylation 10, 13 . The need for two separate enzymes to catalyze these modifications suggests that, possibly, these two methylation states function differently. The identity of an enzyme that would catalyze exclusively H3R2me1 in mammals or yeast remains elusive. Combinatorial deletions of the three putative yeast arginine methyltransferases (Rmt1, Rmt2 and Hsl7) and individual deletions of 35 other yeast methyltransferases do not affect the levels of this modification (data not shown and Supplementary Table 1 online) .
The precise function of H3R2me1 in the process of transcriptional activation remains to be resolved. There are at least two distinct mechanisms by which H3R2me1 can function in gene expression. In one model, the monomethyled state is a 'passive' mark on chromatin that is used to identify actively transcribed regions that need to be silenced. In this model, the monomethylation mark is deposited on active genes to allow subsequent dimethylation and consequent repression of transcription. In a second model, monomethylation dictates a function (such as the recruitment of a protein) that is necessary for genes to become or remain active. Such a model would be analogous to the recruitment of chromatin effectors by specific lysine methylation states 14, 15 . Future studies will aim to decipher the molecular mechanism used by H3R2me1 during gene expression.
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